Au doped silica glass was fabricated by use of SiO 2 PVA nanocomposite. Porous inorganicorganic nanocomposite, which has nanometer sized pores, was prepared from fumed silica and poly(vinyl alcohol) (PVA). HAuCl 4 solution impregnated the porous SiO 2 PVA nanocomposite, and then Au ion was reduced and Au metal nanoparticles were formed by heat treatment. After combustion of PVA, SiO 2 nanoparticles were sintered and Au particle growth were occurred above 800°C, and then bulk Au nanoparticles doped silica glasses were obtained by sintering at 1100°C for 6 h in air. Au particle size and concentration in the silica glass are increased with the concentration of the HAuCl 4 solution. Au doped bulk silica glass was obtained without gold escape from the surface.
Introduction
Metal nanoparticles have unique properties which differ from those of their bulk states and they are attracting much attention in various field. Au, Ag, and Cu nanoparticles have beautiful colors due to the surface plasmon resonance (SPR). For instance, their nanoparticles have been studied for many applications, such as biosensor 1) and photonic switching device 2), 3) with their nonlinear optical properties. During the past decades, since metal nanoparticles dispersed in glass materials have large nonlinear optical properties, they have been investigated using numerous experimental and theoretical approaches.
Silica glass is suitable for matrix of the metal nanoparticles because of its excellent properties of its high thermal stability, chemical durability, mechanical strength, and high transmittance in the vacuum-ultraviolet to near-infrared region. Conventionally, Au nanoparticles doped in a glass materials have been produced by melt-quench method. 4) In silica glass, on the contrary, because of volatilization of Au at high temperature while glass melting and low solubility of Au ion in glass matrix, it is difficult to prepare Au nanoparticle homogeneous doped silica glass by melt-quench method. Hence, Au nanoparticles doped silica glasses have been prepared by other process such as sputtering, 5),6) ion implantation, 7),8) and solgel method. 9)11) Supettering and ion implantation methods could fabricate thin films with high concentration of Au nanoparticles, whereas it is difficult for fabricating Au doped bulk glass by the methods. Solgel method, which starts from alkoxide and metal solt solution, could prepare Au nanoparticles doped silica glass as thin film and bulk at low temperature. However, in case of preparation of bulk silica glass by solgel method, cracking frequently occurs during drying a gel due to the large capillary force induced by removal solvent from a gel. To prepare bulk gel and glass without any cracks, various techniques 12)14) have been developed in solgel method.
To prepare bulk silica glass at low temperature, we have developed silica glass preparation process by use of inorganic organic nanocomposite. 15) First, An inorganicorganic nanocomposite, which is consisting of homogeneously dispersed SiO 2 nanoparticles and poly(vinyl alcohol) (PVA), is prepared. Next, the SiO 2 PVA nanocomposite is heat-treated for combustion of PVA and sintering SiO 2 nanoparticles. Finally, bulk transparent silica glass without any cracks could obtain by sintering the SiO 2 PVA nanocomposite in air at 1100°C. The method could prepare bulk silica glass relative easily and low temperature. In this paper, we explored preparation of Au doped bulk silica glass by the SiO 2 PVA nanocomposite process. Figure 1 shows the flow chart of Au doped silica glass by use of SiO 2 PVA nanocomposite. SiO 2 PVA nanocomposite was prepared from fumed silica and PVA. 8 wt % of SiO 2 suspension were prepared by adding fumed silica (7 nm mean particle diameter, Nippon Aerosil, Tokyo, Japan) to distilled water followed by dispersion by ultrasonication, and its pH was then adjusted to ³3.2 with 0.1 M HNO 3 . 8 wt % of PVA (average degree of polymerization 15001800, degree of hydrolysis 7882 mol %, Wako Pure Chemical Industries, Tokyo, Japan) water solution was prepared by adding PVA to distilled water followed by mixing at room temperature. The PVA water solution and the SiO 2 suspension were mixed (weight ratio of SiO 2 :PVA = 80:20) and stirred at room temperature for 12 h to obtain a SiO 2 PVA suspension. The SiO 2 PVA suspension was cast into a Petri dish and dried at 30°C for 7 days in air. After drying, a SiO 2 PVA nanocomposite was obtained. Pore size distribution of the SiO 2 PVA nanocomposite was calculated using the BarrettJoyner Halenda (BJH) method with nitrogen adsorption data. 0.001, 0.01, 0.1, 1 M of HAuCl 4 solutions were prepared by adding HAuCl 4 (Wako Pure Chemical Industries, Tokyo, Japan) to ethanol and stirring for 24 h in air. SiO 2 PVA nanocomposites were immersed in the HAuCl 4 solutions at room temperature for 1 h, respectively. After the immersion, the SiO 2 PVA nanocomposites were heat-treated at 1301100°C for 16 h in air at a heating rate of 5°C/min, respectively. The heat treated samples were examined by X-ray diffractometry (XRD; Multiflex, Rigaku, Tokyo, Japan). Their surface areas were calculated using the BrunauerEmmettTeller (BET) method with nitrogen adsorption data. The morphologies of the samples were observed by transmission electron microscopy (TEM; JEM-2000FX, JEOL, Tokyo, Japan). The optical absorption spectra of the samples were measured by using ultraviolet visible spectrophotometer (UVVis; U-3500, HITACHI, Tokyo, Japan). Au concentration profile of the sample was measured by dynamic secondary ionmicroprobe mass spectrometer (SIMS; PHI6800T, ULVAC-PHI, Kanagawa, Japan). Figure 2 shows the pore size distribution of the SiO 2 PVA nanocomposite (before doping) obtained from nitrogen adsorption. The result reveals that the SiO 2 PVA nanocomposite was porous structure with average pore radius of 13 nm. Because the SiO 2 PVA nanocomposite has many pores, HAuCl 4 could be doped into the pores of the nanocomposite by immersed it in HAuCl 4 solution. 
Experimental

Results and discussion
where is the wavelength of X-ray source (Cu K¡ 1 = 0.154 nm) and B is the full with at half-maximum (FWHM) of the X-ray diffraction peak at the diffraction angle ª. For the estimation, the peak was used (111) of Au with 2ª = 38.18°. Figure 5 shows the Au particle sizes estimated by the XRD data using Eq. (1) and BET surface areas of the samples obtained by nitrogen adsorption. Au particle size of the sample heat treated at 130°C is ³12 nm, which is smaller than pore size of the SiO 2 PVA nanocomposite. It indicates that the Au nanoparticles exist in the pores. Heat treating the sample below 800°C, Au particle growth is hardly seen. On the contrary, Au particle growth is clearly occurred above 800°C along with increasing heat treatment temperature. The BET surface areas of the samples are increased until 600°C due to combustion of PVA in the SiO 2 PVA nanocomposite. In contrast, above 800°C, the BET surface areas decrease along with increasing heat treatment temperature. This decreasing of BET surface areas was attributed to sintering of SiO 2 nanoparticles, and the sample heat treated at 1100°C is turned to dense body. These results show that Au particle growth proceeds concomitantly with sintering SiO 2 nanoparticle. Figure 6 shows photograph of (a) non-doped silica glass and Au Figure 8 shows absorption spectra of non-doped silica glass and Au doped silica glass sintered at 1100°C for 6 h in air. While the absorption spectrum of low Au concentration (0.001 M) was obtained, absorption spectra of higher concentration could not be measured because of their intense absorption due to Au nanoparticles. The absorption peak at ³530 nm is due to the surface plasmon resonance of Au. It shows that the Au nanoparticles are dispersed in silica glass matrix. The average particle size of Au is estimated from the absorption spectrum according to Eq. (2). 17),18)
where is the average radious, v F is the Fermi velocity of electron (v F = 1.39 © 10 6 m/s for Au), 17) and ¦½ is the full width at half maximum (FWHM) of the plasmon absorption band. The value of ¦½ is determined using ¦½ = 2³c(1/ 1 ¹ 1/ 2 ), where c is the speed of light in vacuum, 1 and 2 are the wavelength of FWHM. Au particle size estimated by Eq. (2) is shown in Table 1 . Au particle size in obtained by Eq. (1) and TEM observation ( Fig. 7 ) are also shown in Table 1 . The result shows that Au particle size and concentration are increased with the concentration of HAuCl 4 solution. The Au particle size (0.001 M) obtained by absorption spectrum differs from that of TEM observation. In previous studies, 19 ), 20) Au particle sizes in glass were estimated from absorption spectra using Eq. (2) when the Au particle size were less than several nanometers in glass matrix. This is attributed to the fact that estimation particle size from absorption spectra using Eq. (2) is valid for the case of smaller particle less than the mean free path of electron. And also, it was reported 9),21) that Au particle sizes estimated by absorption spectra were smaller than that of TEM observation. In this experimental, therefore, we suppose that Au particle size are estimated from XRD data and TEM observation. Figure 9 shows Au concentration profile of the Au doped silica glass measured by dynamic SIMS. Au does not present on the glass surface, while Au is detected in SiO 2 matrix from surface of ³20 nm. Under ³1¯m of depth, concentration of Au had been constant. In the case of preparation of Au doped silica glass by sintering process, e.g., solgel method, 10),22) metallic gold often escape and precipitates on glass surface, 19) because Au was squeezed during gel shrinkage and sintering by diffusion thought pores. Hence, pore size of a gel should be small to prevent escape of Au from the surface. On the contrary, small pores cause cracks of a gel during shrinkage. For the reason listed above, it is difficult to fabricate Au doped bulk glass. In this work, Au migration stop 20 nm below the surface and metallic gold could not be seen. It may be attributed that Au particle size is substantially large comparing the pore size of SiO 2 PVA nanocomposite to prevent the escape Au particles from SiO 2 matrix. In addition, pore collapse during sintering may hinder Au diffusion by heat treatment. We demonstrated that bulk Au nanoparticle dispersed silica glasses were prepared without cracks and precipitation of metallic Au on the surface by use of SiO 2 PVA nanocomposite for glass precursor. This method may provide an attractive alternative to prepare bulk of Au nanoparticles dispersed silica glass.
Conclusions
To fabricate Au doped bulk silica glass, the porous SiO 2 PVA nanocomposite was immersed in HAuCl 4 solution and sintered. Au was reduced and gold nanoparticles were formed in the pore by heat treatment of the doped SiO 2 PVA nanocomposite. During heat treatment, Au particle growth proceeds concomitantly with sintering SiO 2 nanoparticle. Au nanoparticles dispersed in SiO 2 matrix were confirmed by XRD and TEM observation. Au doped bulk silica glass was fabricated by sintering the nanocomposite at 1100°C for 6h in air. Escape of Au stop 20 nm below the glass surface. This method provides Au nanoparticle dispersed silica glasses without cracks and escape of Au. Table 1 . The Au nanoparticle size calculated XRD data and absorption spectra, and the size obtained from TEM observation. The Au doped silica glass were prepared by immersed the SiO 2 PVA nanocomposite in 0.001, 0.01, 0.1, 1 M HAuCl 4 solution and sintered them at 1100°C for 6 h in air, respectively
Concentration of HAuCl 4 solution (M)
The size from XRD data (nm)
The size from absorption spectra (nm)
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